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White matter plasticity in the corticospinal tract of musicians: a
diffusion tensor imaging study
Abstract
With the advent of diffusion tensor imaging (DTI), the study of plastic changes in white matter
architecture due to long-term practice has attracted increasing interest. Professional musicians provide
an ideal model for investigating white matter plasticity because of their early onset of extensive auditory
and sensorimotor training. We performed fiber tractography and subsequent voxelwise analysis, region
of interest (ROI) analysis, and detailed slicewise analysis of diffusion parameters in the corticospinal
tract (CST) on 26 professional musicians and a control group of 13 participants. All analyses resulted in
significantly lower fractional anisotropy (FA) values in both the left and the right CST in the musician
group. Furthermore, a right-greater-than-left asymmetry of FA was observed regardless of group. In the
musician group, diffusivity was negatively correlated with the onset of musical training in childhood. A
subsequent median split into an early and a late onset musician group (median=7 years) revealed
increased diffusivity in the CST of the early onset group as compared to both the late onset group and
the controls. In conclusion, these DTI-based findings might indicate plastic changes in white matter
architecture of the CST in professional musicians. Our results imply that training-induced changes in
diffusion characteristics of the axonal membrane may lead to increased radial diffusivity as reflected in
decreased FA values.
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Abstract
With the advent of diffusion tensor imaging (DTI), the study of plastic changes in white matter
architecture due to long-term practice has attracted increasing interest. Professional musicians
provide an ideal model for investigating white matter plasticity because of their early onset of
extensive auditory and sensorimotor training. We performed fiber tractography and subsequent
voxelwise analysis, region of interest (ROI) analysis, and detailed slicewise analysis of diffusion
parameters in the CST on 26 professional musicians and a control group of 13 participants. All
analyses resulted in significantly lower FA values in both the left and the right CST in the musician
group. Furthermore, a right-greater-than-left asymmetry of FA was observed regardless of group.
In the musician group, diffusivity was negatively correlated with the onset of musical training in
childhood. A subsequent median split into an early and a late onset musician group (median = 7
years) revealed increased diffusivity in the CST of the early onset group as compared with both the
late onset group and the controls. In conclusion, these DTI-based findings might indicate plastic
changes in white matter architecture of the CST in professional musicians. Our results imply that
training-induced changes in diffusion characteristics of the axonal membrane may lead to increased
radial diffusivity as reflected in decreased FA values.
2
Introduction
Performing music at a professional level is arguably one of the most demanding of human activities
on sensorimotor coordination. Accomplished and famous musicians usually began with musical
training in early childhood, practicing several hours a day. Professional musicians represent therefore
an ideal model for the study of training-induced plastic changes in the human brain (Mu¨nte et al.,
2002; Schlaug, 2001).
Advances in neuroimaging technology and methods have underpinned extensive study of musi-
cians over the past decade (Peretz and Zatorre, 2005). On the one hand, coarse anatomical plastic
changes have been observed using in-vivo magnetic resonance morphometry and voxel-based mor-
phometry (VBM) (e.g. Schlaug et al., 1995a; Gaser and Schlaug, 2003). On the other hand, methods
such as functional magnetic resonance imaging (fMRI), electroencephalography (EEG), and mag-
netoencephalography (MEG) (e.g. Ohnishi et al., 2001; Baumann et al., 2008; Pantev et al., 1998)
have been employed to study functional plasticity.
There is evidence of structural differences in gray matter between musicians and non-musicians
in a number of regions in the brain, including the planum temporale (Keenan et al., 2001; Schlaug
et al., 1995b), Heschl’s gyrus (Schneider et al., 2005), the anterior corpus callosum (Schlaug et al.,
1995a), the primary hand motor area and the cerebellum (Gaser and Schlaug, 2003), and Broca’s
area (Sluming et al., 2002). Interestingly, structural differences in the primary motor cortex between
keyboard and string instrument players have been reported (Schlaug et al., 2005). The majority of
the keyboard players had an elaborated configuration of the precentral gyrus on both sides, whereas
most of the adult string players had this atypicality only in the right hemisphere. This finding
may reflect the stronger sensorimotor demand for the left hand and the right motor cortex in string
players and lends support to the hypothesis of training-induced anatomical plasticity. In general,
structural differences seem to be more pronounced in musicians who began learning at a younger
age (Elbert et al., 1995; Schlaug et al., 1995a) and practiced with greater intensity (Schneider et al.,
2005; Gaser and Schlaug, 2003; Hutchinson et al., 2003).
Studies of functional plasticity using MEG have shown modified somatosensory representations
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of the fingering digits in violinists (Elbert et al., 1995) and enhanced evoked magnetic fields in the
auditory cortex in musicians while listening to piano, but not pure tones (Pantev et al., 1998). fMRI
studies revealed differences in activations during motor tasks between piano players and control
subjects in the primary, premotor, and supplementary motor cortex (Jancke et al., 2000; Krings
et al., 2000; Meister et al., 2005; Hund-Georgiadis and von Cramon, 1999). Two of these studies
found reduced primary motor cortical activations in musicians, this being explained in terms of more
efficient wiring and less activated neurons (Jancke et al., 2000; Krings et al., 2000). Bangert and
Altenmu¨ller (2003) conducted a longitudinal EEG study on piano learning and observed changes
in cortical activation patterns after only 20 minutes of performing auditory and motor tasks. The
effect was enhanced after five weeks of practice, contributing elements of both perception and action
to the mental representation of the instrument. Thus, they concluded that musical training triggers
instant plasticity in the cortex.
DTI is a method for studying white matter anatomy of the human or animal brain and has
attracted increasing attention over the past decade. While the focus of mainstream imaging-based
neuropsychological research continues to be on function and anatomy of gray matter using for
example fMRI or VBM, the in vivo neuroimaging technique of DTI offers a complementary way of
studying the brain by directing interest towards white matter and axonal connectivity.
DTI is based on magnetic resonance (MR) technology and provides measures of water diffusion
in different spatial directions in the brain. The most commonly studied diffusion parameter is
fractional anisotropy (FA), which quantifies the directionality of diffusion within a voxel between 0
(undirected, isotropic) and 1 (directed, anisotropic) and is derived from the diffusion tensor (Mori
and Zhang, 2006). Since white matter in the brain consists of aligned axonal fibers, diffusion
is constrained perpendicular to the orientation of these fiber bundles, which leads to anisotropic
diffusion. The principal direction of diffusion reflects the orientation of a fiber bundle in a specific
voxel and is therefore exploited by fiber tracking algorithms.
Diffusivity (trace) is a measure for the amount of diffusion, which can be divided into an axial
diffusivity component (λ‖, diffusion along the axons) and a radial diffusivity component (λ⊥, diffu-
sion perpendicular to the axons). While λ‖ corresponds to the first eigenvalue of the diffusion tensor
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(λ‖ = λ1), λ⊥ is calculated by averaging the second and third eigenvalue: λ⊥ = (λ2+λ3)/2 (Alexan-
der et al., 2007). While diffusivity indicates the amount of diffusion, FA reflects the directionality
of diffusion and is based on the relation between λ‖ and λ⊥.
FA has been found to increase during white matter maturation in the developing brain (Cascio
et al., 2007; Eluvathingal et al., 2007; Beaulieu, 2002) and to decrease during normal aging (Bhagat
and Beaulieu, 2004; Moseley, 2002). Reduced FA values have been reported in patients suffering
from neurodegenerative diseases (Sundgren et al., 2004) or spinal chord injury (Wrigley et al., 2008).
Potential clinical applications of DTI have been long suggested, the most successful application since
the early 1990s being in brain ischemia as a consequence of the discovery that water diffusion drops
at a very early stage of the ischemic event (Alexander et al., 2007; Bihan et al., 2001).
There is an increasing body of evidence emerging from DTI studies indicating learning-related
structural plasticity in white matter. FA has been found to be positively correlated with behavioural
measures such as reading ability (Niogi and McCandliss, 2006; Beaulieu et al., 2005; Klingberg et al.,
2000), performance in a speeded lexical decision task (Gold et al., 2007), and musical sensorimotor
practice (Bengtsson et al., 2005). However, the relations between white matter development, degen-
eration, and training-induced plastic changes on the one hand and water diffusion characteristics
on the other hand still remain poorly understood and a matter of controversy (Ashtari et al., 2007;
Alexander et al., 2007; Beaulieu, 2002). Nevertheless, FA is thought to be positively correlated
with the thickness of the axon-surrounding myelin sheaths. It is therefore often broadly interpreted
as an indicator of the quality of white matter fiber tracts or ”white matter integrity” (Alexander
et al., 2007) because of its increase during white matter maturation, decrease in neurodegenerative
diseases, and its positive correlation with various performance measures.
Investigations of the association between musical expertise in general and white matter archi-
tecture are few in number. In a DTI study that compared 5 musicians with 6 non-musicians,
Schmithorst and Wilke (2002) reported lower FA in musicians’ left and right internal capsules and
higher FA for example in the genu of the corpus callosum.
Bengtsson et al. (2005) conducted a DTI study with 8 pianists and 8 age-matched non-musicians.
They reported clusters of positive correlations between estimated practice hours during childhood
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and FA in a variety of regions including the body and splenium of the corpus callosum, the posterior
limb of internal capsule (part of the CST) bilaterally, and the right superior longitudinal fasciculus
(SLF). In disagreement with Schmithorst and Wilke (2002), Bengtsson et al. (2005) reported higher
FA in the posterior limb of the right internal capsule in the pianist group. As a possible under-
lying physiological mechanism for learning-related white matter plasticity, Bengtsson et al. (2005)
mentioned that myelination can be stimulated by electrical activity in premyelinated axons in mice
(Demerens et al., 1996). Thicker myelin sheaths are supposed to constrain extracellular space, thus
leading to higher degrees of FA (Vor´ısek and Sykova´, 1997).
The CST is known to convey sensorimotor information and professional musicians are highly
trained in sensorimotor coordination from very early on. Therefore, white matter plasticity due to
musical training is likely to be reflected in changes of microstructure in this fiber tract (Bengtsson
et al., 2005; Schmithorst and Wilke, 2002). By focusing on the CST in professional musicians,
the present study attempts to shed more light upon plastic changes in white matter associated
with sensorimotor long-term practice. In order to address the unresolved question of whether
sensorimotor training leads to increased (Bengtsson et al., 2005) or decreased (Schmithorst and
Wilke, 2002) FA values in the CST of musicians, we tested a larger number of subjects and applied
three different methods of analysis.
Materials and Methods
Subjects
A total of 39 subjects participated in this study: 13 professional musicians with absolute pitch,
13 professional musicians without absolute pitch, and 13 non-musicians as control subjects. Since
absolute pitch seemed to have no influence on diffusion parameters in the CST, the two musicians
groups were collapsed into one group of 26 musicians (16 females, 10 males, mean age = 24.6 ±
2.9 std.) and compared with the 13 age-matched healthy control subjects (7 females, 6 males,
mean age = 25.6 ± 5.3). All musicians had started musical practice before the age of 10. The
mean onset of musical training in the musician group was 6.8 ± 2.1 years and the mean duration
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of musical practice was 17.8 ± 2.9 years. All participants were tested for their handedness using
the Annett Handedness Inventory (Annett, 1967) and were verified to be consistent right-handers.
The musicians played a variety of instruments including the violin, piano, trombone, transverse
flute, and the viola. While each of these instruments may demand different levels of sensorimotor
sub-skills, they all require intensive sensorimotor training, providing long-term stimulation of the
CST. Local ethical committee approval was obtained and all subjects provided written informed
consent consistent with the Declaration of Helsinki.
DTI data acquisition
DTI was performed on a 3.0T whole-body MR system (Signa Excite II, GE Healthcare, Milwaukee,
U.S.A) using a standard 8-channel head coil. Axial imaging was performed in accordance with an
imaging plane parallel to the anteroposterior commissural line. We sampled the diffusion tensor
by repeating a diffusion-weighted single-shot spin-echo echo-planar sequence along 21 different geo-
metric directions. Diffusion sensitisation was achieved with 2 balanced diffusion gradients centered
on the 180◦ radio-frequency pulse. An effective b-value of 1000s/mm2 was used for each of the 21
diffusion-encoding directions. Three measurements were performed without diffusion weighting (b0
of 0s/mm2) at the beginning of the sequence. Scan parameters were TR, 8000 ms; TE, 91 ms;
matrix size, 128 x 128; and FOV, 240 x 240 mm. A total of 42 contiguous 3-mm-thick axial sections
were acquired, covering the whole brain down to the inferior end of the cerebellum. Data quality
was examined using DTI-Studio (Jiang et al., 2006) and bad slices were excluded from analysis (1
bad slice out of 13 × 24 × 42 = 13104 acquired slices in the control group and 10 bad slices out of
26× 24× 42 = 26208 slices in the musician group).
Preprocessing
FA and diffusivity (trace) images were calculated in native space using DTI-Studio (Jiang et al.,
2006). Preprocessing of these images was done using Statistical Parametric Mapping software
(SPM5, www.fil.ion.ucl.ac.uk/spm) and consisted of four steps: (1) brain extraction, (2) nonlinear
normalisation to MNI space, (3) smoothing for voxelwise analysis, and (4) thresholding for selection
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of white matter only.
Normalisation was done by estimating the morphing parameters from a nonlinear normalisation
of the mean b0 image’s gray matter component to SPM5’s gray tissue probability map. These
parameters where then applied to the FA and diffusivity images, resulting in accurate alignment of
the CST in all subjects. For voxelwise analysis, a smoothing kernel of 8mm was chosen according
to recommendations by Snook et al. (2007). However, smoothing was omitted for ROI and slicewise
analysis to avoid pollution by signal from neighbouring non-white matter voxels. Thresholding for
selection of white matter only was done by subjecting FA and diffusivity images to a combined
threshold of FA > 0.25 and diffusivity (trace) < 0.004.
Fiber tractography
In order to determine regions for ROI analysis, probability maps of several fiber structures were cre-
ated, using deterministic fiber tractography. Fiber structures of interest included the corticospinal
tract (CST), the superior longitudinal fasciculus (SLF), the uncinate fasciculus (UNC), the corpus
callosum (CC), the inferior fronto-occipital fasciculus (IFO), and the inferior longitudinal fasciculus
(ILF).
First, diffusion tensors were calculated in Montreal Neurological Institute (MNI) stereotaxic
standard space for every subject using the diffusion II toolbox for SPM available at http://source
forge.net/projects/spmtools. The tensor data was then transformed into a data format amenable
to the DTI&Fiber Tools software package for fiber tracking and visualisation (Kreher et al., 2006).
Using this software, a deterministic fiber tracking algorithm (Mori et al., 1999) was performed
on the whole brain, initiating a fiber at the center of every voxel. Tracking was stopped if the
FA value of the current voxel dropped below 0.15 or diffusivity exceeded 0.002, indicating gray
matter or cerebro-spinal fluid voxels. Fibers were also terminated if the angle between the principal
eigenvectors of the current and the next voxel exceeded 53.1◦ (Kreher et al., 2006).
A carefully tuned set of ROIs in MNI space was used to determine the above-mentioned fiber
structures. In general, a two-ROI-approach was used to select the corresponding fibers (Mori et al.,
2002). The CST was singled out using an inferior and a superior ROI. The inferior ROI covered
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the pyramidal tract in the ventral part of the pons at the level of z = -26. Guided by the canonical
single subject T1 image provided by SPM5, the inferior ROI’s posterior end was constrained at y =
-36 so as to exclude spurious fibers running toward the cerebellum. The superior ROI was placed
near the primary motor and sensory cortices so as to cover motor fibers from Brodmann area 4 and
sensory fibers to Brodmann areae 1-3 at the level of z = 56 (figure 1). Since fiber tracking was
performed in MNI space, the process of extracting the individual fiber structures was automated in
order to reduce observer bias. The resulting fiber structures were visually inspected and only very
few spurious fibers had to be eliminated manually.
——— insert figure 1 about here ———
Finally, visit-masks were generated for every fiber structure in every subject, marking all voxels
intersecting with fibers of a specific fiber tract. These binary visit-masks were added together and
divided by the number of subjects (39) in order to obtain probability maps as shown in figure 2.
——— insert figure 2 about here ———
Regions of interest (ROIs)
ROIs for the left and the right CST were derived from their probability maps by applying a threshold
at 30% in order to exclude low probability voxels. Symmetrical ROIs were obtained by flipping the
ROI of the right CST to the left side and creating the intersection with the ROI of the left CST.
The intersected ROI was then flipped back to the right hemisphere. ROIs for the left and the right
CST were thus identical in size and shape and included only voxels covering the CST with a high
probability. Therefore, they were ideal for discovering hemispherical laterality effects. The same
procedure was applied to all other mentioned fiber tracts.
Statistical analysis
Three different types of analysis were performed on FA and diffusivity images: (1) exploratory
voxelwise analysis, (2) ROI analysis, and (3) slicewise analysis. Exploratory voxelwise analysis (P
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< 0.05, one-tailed, uncorrected) was performed on the smoothed and thresholded white matter FA
and diffusivity images using SPM5. ROI analysis (P < 0.05, two-tailed) was done on the thresholded
but unsmoothed images by averaging the diffusion parameters across voxels. Group comparisons
were based on independent-samples t-tests and hemispheric laterality effects were examined using
paired-samples t-tests. For slicewise analysis, ROIs for the left and the right CST were cut into
transversal slices along the z-axis. Mean FA, mean diffusivity, mean axial diffusivity (λ‖), and mean
radial diffusivity (λ⊥) values were then calculated for every slice and plotted against the z-axis,
using slicewise independent-samples t-tests (P < 0.05, two-tailed, uncorrected) to highlight areas
with significant group differences.
While each method has its drawbacks, these are compensated by the strengths of the other
methods. Uncorrected voxelwise analysis provides detailed spatial information but is sensitive to
false positive clusters. ROI analysis is more conservative since the number of statistical comparisons
is drastically reduced by comparing only average values across the ROI’s voxels. Therefore, the main
statistical argument is based on ROI analysis. However, spatial information is lost by averaging
the voxels within the ROIs. Finally, slicewise analysis provides detailed information about absolute
values and changes of diffusion parameters along the CST.
Results
Group differences and lateralization
According to our prior expectations, group differences were found in the CST. ROI analysis revealed
significantly lower mean FA values in both the left CST (P = 0.019, Cohen’s d = 0.83) and the
right CST (P = 0.001, Cohen’s d = 1.25) of musicians as compared to the control group (figure
3, A). Furthermore, there was a significant right-greater-than-left asymmetry of FA in both groups
(musicians: P = 0.001, Cohen’s d = 0.55; controls: P = 0.003, Cohen’s d = 0.93) which is shown in
figure 3, B. Other fiber structures such as the superior longitudinal fasciculus (SLF), the uncinate
fasciculus (UNC), the corpus callosum (CC), the inferior fronto-occipital fasciculus (IFO), and the
inferior longitudinal fasciculus (ILF) did not show any significant group differences in FA. There
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was no significant group difference in diffusivity for any fiber structure. A comparison of female to
male subjects revealed no significant sex differences in mean FA or mean diffusivity of the left and
right CST.
——— insert figure 3 about here ———
Voxelwise group comparisons confirmed lower FA values in musicians, indicating significant
clusters which covered large parts of the left and the right CST (figure 4). The stronger effect in
the right CST revealed by ROI analysis is reflected in higher t-values in the right CST.
——— insert figure 4 about here ———
Slicewise analysis pointed in the same direction, revealing significant differences in FA values
over large parts of the CST (figure 5). Along the CST, FA values ranged from 0.4 to 0.7, peaking
at the level of z ≈ 0. Again, significant areas were larger in the right CST, reflecting the results of
the ROI analysis. Also in agreement with ROI analysis, next to no group differences in diffusivity
were found. Diffusivity peaked in the midbrain at -20 ≤ z ≤ -10 and remained more or less constant
between z = 0 and the cortex.
——— insert figure 5 about here ———
Onset of musical training
While ROI analysis revealed no correlations between mean FA and onset of musical training in
the musician group, mean diffusivity values were significantly correlated with onset in the CST
and several other fiber structures. All correlations were negative, indicating higher diffusivity for
earlier onset (table 1). Schlaug et al. (1995a) found enlarged anterior callosa only in a subgroup
of musicians who had started musical training before the age of 7. Therefore, we regrouped the
musicians by a median split (median of onset = 6.25 years) and assigned them to an early onset
group (n = 13, mean age = 23.8 ± 3.0, mean onset = 5.0 ± 0.7) and a late onset group (n = 13,
mean age = 25.38 ± 2.6, mean onset = 8.6 ± 1.1). With respect to the CST, ROI analysis showed
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that mean diffusivity was increased specifically in the early onset group, while the late onset group
did not differ from the control group (figure 6). Comparison of the early onset group with the
control group revealed significantly higher mean diffusivity values in the early onset group in the
left CST (P = 0.031) and the right CST (P = 0.012). When the early onset group was compared
with the late onset group, the early onset group exhibited higher mean diffusivity values in the left
CST (P = 0.077, close to significance) and the right CST (P = 0.022). The late onset group did
not differ from the control group in mean diffusivity in the CST.
——— insert table 1 about here ———
——— insert figure 6 about here ———
Discussion
Sensorimotor training effects
While ROI analysis revealed no group differences in FA in the SLF, CC, UNC, IFO, and the ILF,
professional musicians exhibited lower FA values in the CST than controls. Statistical effects were
moderate (left CST) to strong (right CST) and both voxelwise and slicewise analysis reflected this
finding, indicating significant group differences over large parts of the CST. Since the ROIs covered
large parts of these fiber structures, ROI analysis was conservative and putative effects of smaller
significant clusters within other fiber tracts were possibly averaged out.
To address the question of whether sensorimotor training leads to increased (Bengtsson et al.,
2005) or decreased (Schmithorst and Wilke, 2002) FA values in the CST, the present results clearly
support the latter. Our study is based on a larger sample of subjects (n = 39) as compared with
these previous studies (Schmithorst and Wilke (2002), n = 11; Bengtsson et al. (2005), n = 16) and
it additionally includes analysis based on large a priori-defined ROIs and slicewise analysis, rather
than voxelwise testing and post-hoc cluster analysis only.
12
FA lateralization in the CST
Moderate right-greater-than-left lateralization effects of FA were found in the CST in both the
musician and the control group. If sensorimotor training effects in the CST are reflected by lower
FA values, it is tempting to attribute this asymmetry to handedness. Since all subjects were right
handers, the left CST (which innervates the right hand) should be more susceptible to the impact
of training than the right CST. Therefore, FA should be lower in the left CST than in the right
CST, which corresponds with the current findings.
However, other studies have found no consistent association between handedness and FA in the
CST. Westerhausen et al. (2007) compared 30 consistently left and 30 consistently right-handed
participants of both genders and reported a left-greater-than-right asymmetry of FA and a right-
greater-than-left asymmetry of diffusivity in the CST at the level of the posterior limb of the
internal capsule. Since these asymmetries were independent of handedness, Westerhausen et al.
(2007) concluded that there is no connection between handedness and FA. However, investigation
based on just one segment of the CST may be misleading as indicated by the highly dynamic FA
curves shown in figure 5.
Reich et al. (2006) conducted a thorough study (n = 20 healthy volunteers) of a variety of DTI
parameters along the CST and found no asymmetry of FA and a left-greater-than-right asymmetry
of mean diffusivity, which is inconsistent with the findings of Westerhausen et al. (2007). Both Toosy
et al. (2003) and Kraus et al. (2007) reported a right-lateralization of FA in the CST, supporting
the present results. The same right-greater-than-left asymmetry of FA has been reported for the
anterior limbs of the internal capsules regardless of handedness (Peled et al., 1998). Bu¨chel et al.
(2004) reported a left-greater-than-right asymmetry of white matter anisotropy in the precentral
gyrus of right-handed subjects as opposed to a right-greater-than-left asymmetry in left-handed
subjects. In conclusion, the question of whether handedness is reflected in an asymmetry of FA
values in the CST remains unanswered. By demonstrating the large range of FA values along the
CST (0.4 ≤ FA ≤ 0.7), the present study stresses the importance of taking the whole CST into
account instead of focusing simply on one particular region.
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Onset of musical training
The onset of musical training was found to be negatively correlated with diffusivity in various fiber
structures in musicians: the earlier the onset, the higher the diffusivity values. If the musicians were
separated into an early onset (before age of 7) and a late onset group, the early onset group exhibited
higher diffusivity values in the CST than both the control group and the late onset musician group.
The hypothesis that an early onset of musical training may be crucial for white matter plasticity
in the brain was derived from Schlaug et al. (1995a). They reported enlarged anterior callosa only
in the subgroup of musicians which had started musical training before the age of 7, but not in
the subgroup with later onset. Together, these results indicate that white matter might be more
receptive to the influence of sensorimotor training before the age of 7 years. While this holds for
diffusivity values, FA in the CST seems to be amenable to plastic changes also at a later onset of
musical training.
Diffusion and white matter plasticity
Contrary to the present findings, FA has been hypothesised to be increased in the CST in musicians
owing to long-term sensorimotor practice (Bengtsson et al., 2005). At the heart of this idea lies the
notion that electrical stimulation by sensorimotor practice increases the thickness of myelin sheaths.
Demerens et al. (1996) investigated the role of electrical activity on myelin formation by using
specific neurotoxins to either block or increase the firing of neurons. As a result, myelinogenesis
was either inhibited or enhanced, clearly exhibiting a link to electrical activity. Thicker myelin
sheaths are thought to constrain radial but not axial diffusivity in extracellular space (Vor´ısek and
Sykova´, 1997). Higher FA values are therefore supposed to indicate thicker myelin sheaths. However,
the assumption that FA directly reflects the thickness of myelin sheaths has been challenged. A
comprehensive review of cellular factors influencing FA has been given by Beaulieu (2002) who
concluded that:
By experimentally eliminating a dominating role for fast axonal transport, the ax-
onal cytoskeleton of neurofilaments and microtubules, and local susceptibility-difference-
14
induced gradients, intact membranes are confirmed to be the primary determinant of
anisotropic water diffusion in neural fibres such as brain or spinal cord white matter and
nerve. The available data do not permit the dissection of the individual contributions of
myelin and axonal membranes to the degree of anisotropy, but the evidence suggests that
axonal membranes play the primary role and that myelination, although not necessary
for significant anisotropy, can modulate the degree of anisotropy.
The present finding of reduced FA in the CST in musicians lends weight to the suggestion
that long-term sensorimotor practice induces plastic changes in the axonal membrane. This in turn
might lead to increased membrane permeability to water, which would increase radial diffusivity and
therefore decrease FA. Indeed, radial diffusivity was found to be significantly increased over parts
of the CST as shown in figure 5. Enhanced radial diffusivity between intracellular and extracellular
space may be present only in the non-myelinated parts of the axon (nodes of ranvier), since myelin
is an effective shield against water diffusion (Vor´ısek and Sykova´, 1997).
Alternatively, increased myelin sheaths in the CST of musicians may constrain the extracellular
space to such an extent that intracellular diffusion gains influence on the determination of FA
levels. Such an increase in the intracellular/extracellular diffusion ratio may render intracellular
radial diffusivity more significant, leading to lower FA values. However, due to more diffusion
constraints, diffusivity levels should drop as well, which is not supported by the present study.
These considerations are speculative in nature and are not yet supported or disproven by empir-
ical neurobiological research. In order to resolve this controversial issue, further research is needed
to clarify (1) the influence of sensorimotor practice on the individual white matter components and
(2) the influence of these components on FA and diffusion characteristics in general.
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Tables
Table 1 - Correlations between onset and diffusivity
Group lCST rCST lSLF rSLF aCC pCC lUNC rUNC lIFO rIFO lILF rILF
Musicians r -.447* -.486* -.298 -.372 -.415* -.499** -.409* -.259 -.488* -.424* -.470* -.519**
n = 26 p .022 .012 .140 .061 .035 .009 .038 .202 .011 .031 .015 .007
ROI analysis revealed significant negative correlations between onset of musical training and mean
diffusivity in ROIs for various fiber structures, indicating higher diffusivity for earlier onset. lCST,
rCST = left and right corticospinal tract; lSLF, rSLF = left and right superior longitudinal fasci-
culus; aCC, pCC = anterior and posterior corpus callosum; lUNC, rUNC = left and right uncinate
fasciculus; lIFO, rIFO = left and right inferior fronto-occipital fasciculus; lILF, rILF = left and
right inferior longitudinal fasciculus. *P < 0.05, **P < 0.01.
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Figure Captions
Fig. 1. Tracking the corticospinal tract (CST). A 3-D model of the left CST of a single
subject is displayed. The red areas indicate the inferior and superior ROI used for creating the
CST fiber subset. The inferior ROI covers the pyramidal tract in the ventral part of the pons. The
superior is located near the primary motor and sensory cortices so as to cover motor fibers from
Brodmann area 4 and sensory fibers to Brodmann areae 1-3.
Fig. 2. Probability maps. Yellow = corticospinal tract (CST), red = superior longitudinal
fasciculus (SLF), violet = uncinate fasciculus (UNC), blue = corpus callosum (CC), green = inferior
fronto-occipital fasciculus (IFO), cyan = inferior longitudinal fasciculus (ILF). The brighter the
colors, the higher the probability values. Voxels with probabilities less than 30% are not shown.
Fig. 3. ROI analysis for the CST. (A) Musicians exhibit lower mean FA values both in the
left CST (P = 0.019, Cohen’s d = 0.83) and the right CST (P = 0.001, Cohen’s d = 1.25). (B)
Mean FA of the left CST is plotted against mean FA of the right CST. The diagonal line indicates
equilaterality. Most subjects are beyond the diagonal line and therefore show a right-greater-than-
left asymmetry of anisotropy in the CST (musicians: P = 0.001, Cohen’s d = 0.55; controls: P =
0.003, Cohen’s d = 0.93). Error bars = 95% confidence intervals; *P < 0.05, **P < 0.01, two-tailed.
Fig. 4. Voxelwise t-tests between musicians and controls. The left image displays sig-
nificant differences in anisotropy (P < 0.05, one-tailed, uncorrected). The blue clusters indicate
significantly lower FA in musicians and match the ROIs for the left and right CST. The right image
displays the ROIs used for ROI analysis: yellow = corticospinal tract (CST), red = superior longi-
tudinal fasciculus (SLF), blue = corpus callosum (CC), green = inferior fronto-occipital fasciculus
(IFO), cyan = inferior longitudinal fasciculus (ILF).
Fig. 5. Slicewise CST analysis. Yellow background indicates significant differences between
musicians and controls (P < 0.05, two-tailed). (A) Mean FA is reduced in the CST of musicians over
large parts. The right CST shows more significant group differences than the left CST, reflecting
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the higher effect size from ROI analysis. (B) In contrast, there are next to no group differences in
diffusivity. Both increased axial diffusivity (C) and reduced radial diffusivity (D) contribute to the
lower FA values in musicians.
Fig. 6. Diffusivity in the CST in early onset, late onset, and control group. The
early onset musician group exhibits higher diffusivity values than both the late onset group and the
control group. Diffusivity seems to be only affected by an early onset of musical training (before
the age of 7 years). Error bars = 95% confidence intervals; *P < 0.05, two-tailed.
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